Protein folding often competes with intermolecular aggregation, which in most cases irreversibly impairs protein function, as exemplified by the formation of inclusion bodies. Although it has been empirically determined that some proteins tend to aggregate, the relationship between the protein aggregation propensities and the primary sequences remains poorly understood. Here, we individually synthesized the entire ensemble of Escherichia coli proteins by using an in vitro reconstituted translation system and analyzed the aggregation propensities. Because the reconstituted translation system is chaperone-free, we could evaluate the inherent aggregation propensities of thousands of proteins in a translation-coupled manner. A histogram of the solubilities, based on data from 3,173 translated proteins, revealed a clear bimodal distribution, indicating that the aggregation propensities are not evenly distributed across a continuum. Instead, the proteins can be categorized into 2 groups, soluble and aggregation-prone proteins. The aggregation propensity is most prominently correlated with the structural classification of proteins, implying that the prediction of aggregation propensity requires structural information about the protein.
T
he unique native structure of a protein is encoded in its amino acid sequence (1) . However, protein folding is often hampered by protein aggregation, which is generally prevented by a variety of chaperone proteins in the cell (2) . Despite the presence of chaperones, a certain level of aggregation still occurs in cells. For example, aggregates commonly form upon the heterologous expression of recombinant proteins, as exemplified by the formation of inclusion bodies (3) . In special cases, protein aggregation could lead to the formation of ordered aggregates, known as amyloid fibrils, which are closely associated with many severe neurodegenerative diseases in mammals (4, 5) .
Understanding the mechanism underlying aggregate formation is required for the development of a wide variety of protein sciences. However, the relationship between the protein aggregation propensities and the primary sequences remains poorly understood. Because it is empirically known that some proteins tend to aggregate, several groups systematically studied the effects of mutations in on proteins of interest that caused the formation of insoluble aggregates (6) (7) (8) (9) . Subsequently, the information on the mutations has been used to build prediction tools for protein aggregation, and most of them were developed for amyloid formation (10) (11) (12) (13) . However, the application of the prediction tools has currently been restricted to a narrow range of proteins because of the lack of sufficient data on the aggregation. To overcome this limitation, a database on the propensity of a given protein to aggregate would be an invaluable resource to understand the nature of protein aggregation.
In our previous studies, we developed a method to evaluate the solubility of individual proteins using a cell-free translation system (14-16). The cell-free translation system, named PURE, is a reconstituted system that only contains the essential Escherichia coli factors responsible for protein synthesis (17, 18) . In this study, we performed a comprehensive analysis, in which the complete E. coli ORF library (ASKA library) (19) was translated in the PURE system under the same conditions. Because the PURE system is chaperone-free (14, 17), we could evaluate the inherent aggregation propensities of thousands of proteins in a translation-coupled manner.
Results

Comprehensive Aggregation Analysis of the Entire Ensemble of E. coli
Proteins Using an in Vitro-Reconstituted Translation System. The ASKA library consists of all predicted ORFs of the E. coli genome, including membrane proteins (19) . A total of 4,132 ORFs were individually amplified by PCR using a common primer set ( Fig. 1 ) and then were used for protein synthesis in the PURE system at 37°C for 60 min.
The [ 35 S]methionine-labeled proteins were quantified after electrophoresis of the translation products. We successfully quantified Ϸ70% of the E. coli ORFs (3,173 proteins of 4,132). The remainder was not quantified, because of insufficient translation and trouble during the electrophoresis (translated proteins were stuck in the gel, several protein bands were detected, and so on). The unquantifiable group contained Ϸ60% of the inner membrane proteins (435 of 754), whereas Ͼ80% of the cytoplasmic proteins (2,277 of 2,688) were quantified [supporting information (SI) Fig. S1 ]. The yield of the quantified proteins was 33 g/mL, on average, but ranged broadly from the detection limit to Ϸ100 g/mL as the maximum (Fig. S2 A) , although we used common primers, which resulted in a common N-terminal flanking sequence in all of the ORFs, and performed the translation under the same conditions.
The propensity for protein aggregation was examined by a centrifugation assay (14, 15) . An aliquot of the translation mixture was centrifuged. The proportion of the supernatant fraction, which was obtained after the centrifugation of the translation mixture, to the uncentrifuged total protein was defined as the solubility, the index of the aggregation propensity (a representative experiment is shown in Fig. 1 ). The SD of the solubilities was 8.8% on average, and the highest SD was 25%, based on data from 33 randomly chosen proteins (Fig. S3 ). Bimodal Distribution of Protein Solubility. A histogram of the individual solubilities, based on data from 3,173 translated proteins, showed a clear bimodal, rather than normal Gaussian, distribution ( Fig. 2A) , indicating that the aggregation propensities are not evenly distributed across a continuum. Subtraction of the predicted integral membrane proteins (IMPs) from the data did not change the bimodal distribution (Fig. 2B) , suggesting that the cytoplasmic proteins can be categorized into an aggregation-prone group and a highly soluble one. To elucidate which characteristics of the protein influence this bimodality, we compared a variety of protein properties in the aggregationprone (Agg, defined as Ͻ30%) and highly soluble (Sol, defined as Ͼ70%) groups. Because all of the translated proteins contain the common short flanking peptides at the N and C termini, including the N-terminal 6ϫ histidine tag, the solubilities of 120 randomly chosen cytoplasmic proteins were analyzed with their endogenous ORF sequences, without the additional flanking peptides (Fig. S4) . Only 2 proteins shifted from the Agg to the Sol group, indicating that the influence of the common Nterminal extension with the histidine tag is only marginal.
One might expect that the bimodal distribution in the histogram is simply due to the difference in the synthesized yield of proteins, because it has been generally believed that higher protein concentrations generate more protein aggregates. However, this is not the case, because there is no apparent correlation between the solubilities and the yields (Fig. S2B) .
We then extracted the essential proteins for cell viability (Fig.  2C ). The bimodality in the distribution was the same as those in the total and cytoplasmic protein groups ( Fig. 2 A and B) , but we found that the essential proteins tended to be enriched in the high solubility group (Fig. 2C ). This result suggests that the essential proteins might have evolved to be soluble for their irreplaceable properties. In addition to the essentiality, we categorized the data according to the protein functions and ranked them with the solubilities (Fig. S5A) . We found that the solubilities depend strongly on the functions. For example, the Structural component group, which is mainly composed of ribosomal proteins, and the Factor group, which includes transcription or translation factors, chaperones, and proteases, showed a strong bias to the high-solubility group. In contrast, the proteins in the Transporter group tended to be aggregationprone. Regarding the oligomeric states of the proteins, preliminary analysis shows that heterooligomers seem to be aggregation-prone (Fig. S5B ), although we cannot say the tendency is statistically significant because of the incomplete database on the oligomeric states.
Regarding the subcellular locations, the ratio of IMPs in the Agg group (227 of 1,234) was much larger than that in the Sol group (13 of 1,018) (Fig. 2D ). Although the IMPs translated under membrane-free conditions were expected to form insoluble aggregates, it is noteworthy that some portion of the IMPs was soluble. There was no remarkable difference in the other locations. Because the subtraction of IMPs from the histogram did not change the bimodality (Fig. 2B ), further analyses were performed only with the cytoplasmic proteins.
Relationship Between Solubility and Physicochemical Properties.
Next, we compared the physicochemical properties of the proteins, such as the molecular mass, the deduced isoelectric points (pI), and the amino acid residue content, to address the relationship between solubility and amino acid sequence (Fig. 3) . The distribution of molecular mass in the Sol group was shifted to smaller sizes compared with the total histogram, whereas the Agg group was slightly larger than the total distribution (P Ͻ 0.01, Fig. 3A and Table S1 ). Regarding the isoelectric points, we observed an enrichment of low-pI (5-7) proteins in the highsolubility distribution, whereas the aggregation-prone proteins showed a somewhat broader pI distribution (ranging from 5 to 10) (Fig. 3B) . We then tested whether the amino acid residue content affected the solubility and found that higher contents of negatively charged residues (Asp and Glu) tended to be soluble ( Fig. 3C and Table S1 ). Higher contents of aromatic residues (Phe, Tyr, and Trp) were slightly biased to be aggregation-prone ( Fig. S6 and Table S1 ). The differences in the histograms suggested that Asp/Glu-rich and/or aromatic-poor proteins tend to be soluble. In contrast, no significant difference was observed in the contents of hydrophobic residues (Val, Leu, and Ile) and positively charged residues (Lys, Arg, and His) (Fig. 3C, Fig. S6 , and Table S1 ). Because it has been believed that the hydrophobic interaction is a critical driving force in aggregate formation, the Each ORF in the ASKA library, which has all of the E. coli ORFs, was amplified by PCR using 2 common primers to translate the gene in the cell-free translation system. The reconstituted cell-free translation system (the PURE system) contains no chaperones. After the 60-min translation, an aliquot of the translation mixture was centrifuged to obtain the soluble fraction. The uncentrifuged (Total) and supernatant (Sup) fractions were subjected to SDS/PAGE, and the translated products were quantified by autoradiography.
lack of an apparent correlation in the hydrophobic residue content was unexpected. Other attempts to detect a bias between the solubility and the hydrophobicity, including a well-known hydropathy plot analysis (20, 21) , which shows clusters of hydrophobic residues in the primary amino acid sequences, or several hydrophobic-polar alternates analyses also failed. We note that Gln/Asn-rich sequences including polyglutamine repeats, which tend to form amyloid fibrils, are very rare in the E. coli ORFs (22) .
We subsequently conducted several analyses related to the secondary structures. We predicted the secondary structure contents by using popular prediction methods, such as ChouFasman (23) and PSIPRED (24, 25) . However, we could not detect a notable correlation between the predicted secondary structure content and the solubility (Fig. S7 for the PSIPRED analysis.
Correlation Between Solubility and Tertiary Structure. To address the correlation between the solubilities and the tertiary structures, we compared the solubilities with the Structural Classification of Proteins (SCOP) database, which is a comprehensive ordering of all proteins with known structures, according to their evolutionary and structural relationships (26) . The classification is based on hierarchical levels: class, fold, superfamily, and family. Superfamilies and families are defined as having a common fold if their proteins have the same major secondary structures in the same arrangement and with the same topological connections. Most of the folds are assigned to one of the following structural classes: all-␣ (SCOP class a), all-␤ (class b), ␣/␤ (class c), and ␣ϩ␤ (class d). Besides the all-␤ (class b) proteins, the bimodality of the histograms was maintained, although the distribution of class c was slightly biased to aggregation-prone (Fig. 4A) , roughly confirming that the secondary structures did not correlate with the aggregation propensities. We then categorized the SCOP folds into solubility groups and found that some of the SCOP folds were extremely biased toward their solubilities (Fig. 4B and Table S2 ). For example, in the periplasmic binding protein-like II fold (SCOP fold: c94) group, which is largely dominated by DNA-binding transcriptional regulator proteins, 83% of the members were low-solubility proteins (35 of 42 assigned proteins), whereas only 1 protein was in a soluble group (Table S2) . Other low-solubility folds included PLP-dependent transferases fold (c67), DNA/RNA-binding 3-helical bundle fold (a4), TIM ␤/␣-barrel fold (c1), and P-loop containing nucleoside triphosphate hydrolases (c37) (P Ͻ 0.01, Table S2 ). For the highly soluble folds, we assigned Flavodoxinlike fold (c23), OB-fold (b40), and Thioredoxin fold (c47) (P Ͻ 0.01, Table S2 ).
In the above analyses, we noticed that the low-solubility folds (c1 and a4) were known to be enriched in the obligate chaperonin GroEL substrates (the so-called Class III substrates) (27) . Kerner et al. (27) have identified Ϸ250 GroEL interactors and categorized them into 3 classes (I, II, and III), based on a quantitative proteomic analysis. The Class I and II substrates are only partially chaperonin dependent, whereas Ϸ85 Class III substrates are considered as obligate substrates that engage Ͼ75% of the GroEL capacity. The solubilities of the GroEL substrates are shown in the histograms (Fig. 4C) . Notably, Ϸ60% of the Class III substrates were in the Agg group (44 of 74), indicating that the Class III substrates are extremely aggregation-prone. In contrast, the Class I substrates tended to be soluble. This analysis suggests that GroEL preferentially binds the aggregation-prone proteins in vivo.
Attempts to Predict the Aggregation Propensity. Finally, we tested whether our data can be applicable to several recently developed web tools to predict protein aggregation. We chose the TANGO (10), AGGRESCAN (12) , and PASTA programs (13) . However, none of the tools tested extracted a notable positive correlation between our datasets and the predicted results (Fig. S8) , probably because the algorithms used in those programs basically relied on data from amyloid aggregates in eukaryotes. Our attempt to predict the solubilities by using a support vector machine (SVM) algorithm (28) , with the parameters including molecular mass, pI, and amino acid content, resulted in Ϸ80% accuracy. The algorithm provides a reasonable prediction but is not completely satisfactory. For more accurate prediction, we should incorporate information about the tertiary structure, because the solubilities depended strongly on the SCOP folds. A combination of 3-dimensional structure prediction with other physicochemical properties might improve the solubility prediction.
Discussion
In this article, we conducted a global aggregation analysis of whole E. coli proteins, coupled with a reconstituted cell-free translation system [the PURE system (17) ]. The aggregation propensities of Ͼ3 thousands of proteins, which were evaluated under the chaperone-free condition, showed that the proteins were categorized into 2 groups, soluble and aggregation-prone. In addition, statistical Table S2 . (C) Histograms of solubility for the GroEL substrate proteins. The classification of the substrates is according to Kerner et al. (27) , in which Classes I, II, and III are spontaneously foldable, chaperone-dependent (but partially GroEL-dependent) and obligate GroEL/ES-dependent substrates, respectively.
analysis revealed that some structural classes of proteins were strongly biased to the aggregation propensities.
Several caveats should be stated regarding the interpretation of our data. First, because our aggregation analysis completely depends on the centrifugation, other conditions like a higher-speed centrifugation might cause a change in the shape of the histogram. Thus, there is a possibility that soluble fractions might include oligomeric assemblies that are aggregation precursors. This is of particular interest because recent advances on amyloid-forming proteins have revealed that soluble oligomeric species of some amyloid proteins are toxic to the cell (29) . Second, even a soluble protein does not always have the native structure. Some might be soluble in an unstructured state. Indeed, we have previously shown that a fraction of the proteins produced in the chaperone-free PURE system are soluble but not functional (14, 15) . The addition of chaperones, such as the DnaK system or GroEL/ES, helps the proteins to reach their functional native states (14, 15) . Third, the centrifugation assay cannot discriminate amorphous aggregates from structured aggregates, such as amyloid fibrils. Recent study by Wang et al. (30) , which showed that bacterial inclusion bodies can contain amyloid-like structures, raises the possibility of the amyloid-like structures in insoluble aggregates in our assay, although it has been assumed that bacteria have few amyloid-forming proteins (e.g., ref. 22) .
Nevertheless, the data presented here provide a unique viewpoint for protein science. The most important finding in our analyses is that, in terms of their solubility, proteins belong to 2 subgroups. Because the proteins tested are basically soluble in the cell, mainly because of the assistance of chaperones, the bimodal property was revealed by the use of the PURE system, a reconstituted cell-free translation system that lacks chaperones. This hidden bimodal solubility of the proteins prompted us to imagine the evolution of protein folding in the cell: The aggregation-prone groups might have evolved to fold correctly only with the aid of chaperones. In support of this concept, we found that the obligate GroEL substrates are aggregation-prone. In this context, the presence of the aggregation-prone group might guarantee a hypothetical buffering capacity of chaperones during evolution, by releasing the genetic variation under certain conditions, as has been suggested in the case of Hsp90 in eukaryotic organisms (31, 32) .
Another main finding is that some of the SCOP folds are strongly biased to the aggregation propensity. In particular, the presence of aggregation-prone folds is apparently paradoxical because aggregates formation should occur before the completion of folding. The apparent correlation between some SCOP folds and the aggregation tendency suggests that folding intermediates have 2 classes, aggregation-prone and soluble. Then, what is the difference between the aggregation-prone and soluble intermediates? Regarding this point, the competition between the correct folding and the aggregates formation, known as kinetic partitioning in the protein folding (33, 34) , should be considered. Because the kinetic partitioning is closely related to folding kinetics itself, understanding the mechanism of aggregate formation would require a detailed mechanism of protein folding. Our approach using the PURE system will have a potential to investigate a global analysis of the folding kinetics, providing a unique insight into the kinetic partitioning.
Finally, our approach using the PURE system provides an invaluable resource for a broad range of protein sciences, including protein folding prediction, protein design, folding coupled with translation, and the role of chaperones with nascent proteins. In addition, the comprehensive cell-free synthesis of all proteins encoded in a genome, termed a reconstituted proteome, paves the way for the construction of an on-demand protein bank system, which would useful for a variety of protein research, including emerging synthetic biology (35) in the future.
Materials and Methods
E. coli ORF Library. The ASKA library (19, 36) was originally provided by Hirotada Mori (Nara Institute of Science and Technology, Nara, Japan), and the purified ASKA library (37) plasmid set was kindly provided by Tomoaki Matsuura (Osaka University, Osaka, Japan). A total of 4,132 ORFs were individually amplified by PCR using the ASKA library plasmids as templates. The sequences of the common primers were as follows: primer1, 5Ј-GGCCTAAT-ACGACTCACTATAGGAGAAATCATAAAAAATTTATTTGCTTTGTGAGCGG-3Ј, and primer2, 5Ј-GTTATTGCTCAGCGGTTAGCGGCCGCATAGGCC-3Ј. Primer1 contains the T7 promoter (italicized) for expression by the PURE system, and primer2 contains the UAA stop codon (italicized).
Cell-Free Protein Synthesis and Protein Aggregation Assay. The method for the evaluation of the protein aggregation propensity was based on a previously reported method (14 -16) , with several modifications. Each ORF was translated with N-and C-flanking regions, with the following amino acid sequences: N-, MRGSHHHHHHTDPALRA and C-, GLCGR. The transcriptiontranslation-coupled PURE system (17, 18) reaction, including [ 35 S]methionine, was performed at 37°C for 1 h. After the protein synthesis, an aliquot was withdrawn as the total fraction, and the remainder was centrifuged at 21,600 ϫ g for 30 min. Both the total and supernatant fractions were separated by SDS/PAGE, and the band intensities were quantified by autoradiography. The ratio of the supernatant to the total protein was defined as the solubility, the index of protein aggregation tendency.
Data Analyses. All analyses, except for those described in Fig. 2 A, C , and D and Figs. S1 and S2, were performed with quantified cytoplasmic proteins. The amino acid sequence, subcellular location, type of gene product, and SCOP fold information was obtained from GenoBase (http://ecoli.naist.jp/GB6/ search.jsp). The SCOP fold annotation in GenoBase was based on the SUPER-FAMILY database (36, 38) . The information on essential genes was obtained from the PEC database (39) . The information on secondary structure prediction [PSIPRED (24, 25) ] was obtained from the GTOP database (40) . Molecular masses were calculated from the deduced amino acid sequences. Estimation of pI values was accomplished by using a web tool (http://isoelectric.ovh.org/) (41) . For the prediction of protein aggregation from the amino acid sequence, 3 programs [TANGO (10), PASTA (13) , and AGGRESCAN (12)] were obtained from their web sites.
Prediction by SVM Algorithm. SVM (28) performance was analyzed with the Agg and Sol proteins (1,599 samples). The SVM classifier was trained with 1,000 randomly chosen samples with molecular mass, pI values, and ratios of each amino acid content. The prediction accuracy was calculated by the other 599 samples. The calculation was performed by using the KSVM library in the kernlab package with R software.
